In this paper, the utilisation of zeolites synthesised from fly ash (FA) and related co-disposal filtrates as low-cost adsorbent material were investigated. When raw FA and co-disposal filtrates were subjected to alkaline hydrothermal zeolite synthesis, the zeolites faujasite, sodalite and zeolite A were formed. The synthesised zeolites were explored to establish its ability to remove lead and mercury ions from aqueous solution in batch experiments, to which various dosages of the synthesised zeolites were added. The test results indicated that when increasing synthesised zeolite dosages of 5-20 g/L were added to the acid mine drainage (AMD) wastewater, the concentrations of lead and mercury in the wastewater were reduced accordingly. The lead concentrations were reduced from 3.23 to 0.38 and 0.17 mg/kg, respectively, at an average pH of 4.5, after the addition of raw FA zeolite and co-disposal filtrate zeolite to the AMD wastewater. On the other hand, the mercury concentration was reduced from 0.47 to 0.17 mg/kg at pH ¼ 4.5 when increasing amounts of co-disposal filtrate zeolite were added to the wastewater. The experimental results had shown that the zeolites synthesised from the co-disposal filtrates were effective in reducing the lead and mercury concentrations in the AMD wastewater by 95% and 30%, respectively.
Introduction
In South Africa large quantities of fly ash (FA) are produced annually in the combustion of coal for electricity generation. This is due to the fact that coal with high-ash content is used in power generation producing approximately 25 M t of FA in 1997. Since only 5% of this FA was re-used in 1997, there are increasing concerns about the fate of the FA and the environmental consequences if appropriate utilisation avenues are not investigated. The main constituents of FA are primarily aluminosilicate glass, mullite (Al 6 Si 2 O 13 ) and quartz (SiO 2 ) (Woolard et al., 2000; Somerset et al., 2004) . With these quantities of FA produced annually the possibility of zeolite production from waste material that is readily available at the source can be explored for FA utilisation in South Africa.
Specific applications for the utilisation of FA are being explored annually. Some of the strategies include: (i) utilisation of FA in zeolite synthesis for wastewater processing (Woolard et al., 2000; Somerset et al., 2004) ; (ii) as an additive in the manufacturing of cement, concrete, construction materials and road pavements (Kao et al., 2000; Horiuchi et al., 2000) ; (iii) use of FA in the removal of organic compounds from aqueous solution (Kao et al., 2000) .
Zeolites containing the faujasite structure play an important role in petrochemical industries. Sites containing natural deposits of the zeolite are scarce, with only six small deposits in the world and a relatively bigger site in Jordan. In view of this, commercially useful faujasite zeolites are typically manufactured (Singh and Dutta, 1998) . When faujasites are prepared in laboratory experiments, it sometimes tends to be metastable, quickly disappearing to form more condensed structures. This is also a contributing factor to the scarcity of faujasite. accounting for 70-80% of the neutralizing cations in its structure (Singh and Dutta, 1998) . Several studies (Woolard et al., 2000; Seames, 2003; Querol et al., 2001; Hollman et al., 1999; Cheng-Fang and Hsing-Cheng, 1995) reported the conversion of FA into zeolites by treatment of the FA with concentrated NaOH solutions at elevated temperatures and pressures. Other modern techniques employ microwave radiation and fusion with NaOH solutions, followed by hydrothermal treatment of the FA and NaOH solution (Woolard et al., 2000; Somerset et al., 2004) .
Lead is classified as a hazardous waste and is highly toxic to humans, plants and animals. When animals and plants are exposed to it, it causes death of these species, whereas in humans it causes anaemia, brain damage, mental deficiency, anorexia, vomiting and malaise. Calcium present in the bony tissues of mammals can be substituted by lead and it will accumulate there. Lead is also commonly found in drinking water, causing various types of illnesses and serious health problems. Researchers have shown that various low-cost adsorbents such as onion skin, tea leaves and peat moss can be used to absorb lead (II) ions from solutions in their native state, followed by suitable further chemical treatment for enhanced adsorption (Bulut and Baysal, 2005; Rahmana et al., 2005 ).
An increase in mercury pollution of the environment has been observed due to the increasing industrial use of mercury, another toxic metal that is hazardous to mammals, plant and animals. Mercury is included in the US EPA priority list of pollutants and has received great attention for many years. When humans are exposed to excessive mercury concentrations, it causes carcinogenic, mutagenic, teratogenic side effects and also promotes tyrosinemia. Furthermore, high concentrations of mercury cause impairment of pulmonary and kidney function, chest pain and dyspnousea in humans. To effectively deal with this increase in mercury pollution, clean-up technologies are required that are capable of treating large volumes of soil, water or sediment contaminated with relatively low levels of mercury. Not only are effective technologies required, but these technologies also need to reduce mercury levels in a cost-effective manner (Von Canstein et al., 1999; Zhang et al., 2005) .
Mercury and lead were chosen for the absorption studies presented here, since they are known for their toxicity to the environment and to human health. Several techniques such as solvent extraction, ion exchange, precipitation, membrane separation, reverse osmosis, coagulation and photo-reduction have been applied for effective reduction of lead and mercury concentrations from various aqueous solutions. These listed techniques are not always costeffective since they require either high amounts of energy or large quantities of chemicals. Adsorption is known to be effective in removing lead or mercury from wastewater by using activated carbon; however, it is expensive for largescale application. Recently, more attention is being paid to the use of municipal sewage sludge, FA and zeolites (natural or synthetic) for the adsorption of pollutants from wastewater (Zhang et al., 2005; Turan et al., 2005; Woolard et al., 2000) .
In a previous paper (Somerset et al., 2004 ) the results obtained for the conversion of raw FA and co-disposal FA filtrates into zeolites by alkaline hydrothermal treatment with sodium hydroxide (NaOH) were established and reported. Following this it was reported in another paper (Somerset et al., 2005b) how efficient the synthesised zeolites were as compared to commercial zeolites, in absorbing certain metal ion species from wastewater as the zeolite dosages were increased in batch experiments. Using these results, further investigations were carried out in this follow-up study to assess how the zeolitic materials synthesised from different FA starting material are different in removing metal ion species from acid mine drainage (AMD) wastewater. This paper thus focuses on the absorption efficiency of the different zeolites obtained during synthesis, to remove lead and mercury metal ion species from mine wastewater. The metal ion concentrations of lead and mercury were investigated as increased dosages of the different zeolites were added to the wastewater in a batched process. The ultimate aim was to investigate if the different zeolitic material can lower these heavy metal concentrations as increased dosages of the zeolites were added to the wastewater.
Materials and methods

Zeolite preparation
A novel approach was used in this study, which involved the collection of co-disposal filtrates by using a co-disposal reaction wherein FA was reacted with AMD in a specific FA:AMD ratio (e.g. 1:3.5, 1:4, 1:5) (Somerset et al., 2004 (Somerset et al., , 2005a .
Fresh FA and co-disposal filtrates were then prepared for zeolite synthesis. Thoroughly dried FA and co-disposal filtrates were subjected to alkaline hydrothermal zeolite synthesis. This involved fusing the sample with sodium hydroxide (NaOH) in a 1:1.2 ratio at 600 1C for approximately 1-2 h. The fused product was then mixed thoroughly with distilled water and the slurry was subjected to aging for 8 h. After aging the slurry was subjected to crystallisation at 100 1C for 24 h. In the next step, the solid product was recovered by filtration and washed thoroughly with deionised water until the filtrate had a pH of 10-11. The recovered product was then dried at a temperature of 70 1C and prepared for characterisation (Rayalu et al., 2000; Somerset et al., 2004) .
Elemental characterisation using X-ray fluorescence (XRF) spectrometry
The chemical composition of the raw FA and codisposal filtrates that were used for zeolite synthesis was evaluated using XRF spectrometry. A Phillips 1404 XRF
Wavelength Dispersive Spectrometer equipped with an array of six analysing crystals and fitted with a rhodium Xray tube target was used. A vacuum was used as the medium of analyses to avoid interaction of X-rays with air particles (Somerset et al., 2004) .
X-ray diffraction (XRD) analysis
The mineralogy of each prepared zeolite sample was evaluated with a Phillips Analytical XRD spectrometer. This instrument was equipped with a graphite monochromator and Cu-Ka radiation samples were scanned for 2y ranging from 7 to 70. The data files presented by X'Pert Graphics & Identify data collection software were used to identify the minerals present in the samples (Somerset et al., 2004) .
Mercury and lead adsorption experiments
Mercury and lead absorption experiments were carried out on navigation AMD wastewater samples. Increasing dosages of the synthesised zeolites were added to the AMD aliquots and batch experiments were carried out in duplicate at room temperature, with continuous stirring in PVC plastic containers. To aliquots of 100 ml of AMD, synthesised zeolite material was added in dosages ranging from 0 to 20 g/L. After 1 h of continuous stirring, the mixtures were filtered and the pH measured, while the lead concentration was determined, using inductively coupled plasma mass (ICP-MS) spectrophotometry. The coldvapour atomic absorption spectroscopy (AAS) technique was used for mercury detection using the 253.7 nm analytical resonance line on the instrument.
Results and discussion
XRF spectrometry results of starting materials
The raw FA and co-disposal filtrates used for zeolite synthesis were analysed by XRF spectrometry for quantitative determination of its SiO 2 and Al 2 O 3 content. From the results in Table 1 The results in Table 1 further show that the SiO 2 content is higher in the co-disposal filtrate than in the raw FA, while the Al 2 O 3 content of the co-disposal filtrate material was lower than in the raw FA. The CaO content of the codisposal filtrate was found to be lower than in the raw FA, which was attributed to its consumption in the AMD neutralisation reaction. The MgO content was found to be relatively similar for the raw FA and co-disposal filtrate samples.
XRD spectrometry results
XRD analysis was conducted on the raw FA and codisposal filtrate samples in order to determine the crystalline phases present in the initial material before and after zeolite synthesis was performed. The XRD patterns of the studied raw FA and co-disposal filtrate are shown in Fig. 1 . Fig. 1(a) shows that the predominant crystalline phases present in the FA were quartz (SiO 2 ) and mullite (Al 6 Si 2 O 13 ). For the co-disposal filtrate sample, quartz and mullite were also present as shown in Fig. 1(b) . These results also showed that the mineralogies of the raw FA and co-disposal filtrate samples are relatively similar and that the co-disposal filtrates are a rich source of SiO 2 and Al 2 O 3 for hydrothermal zeolite synthesis.
After hydrothermal zeolite synthesis, the initial material was again subjected to XRD analysis in order to determine whether hydrothermal zeolite synthesis of the initial material was successful. The XRD pattern of the raw FA sample subjected to zeolite synthesis is shown in Fig. 2 , indicating that the crystalline zeolite phase called faujasite (F) has been formed. For this sample the results have shown that a single zeolite phase can be obtained through hydrothermal zeolite synthesis. For the co-disposal filtrate sample used in the hydrothermal zeolite synthesis, the following XRD spectrometry results were obtained. In Fig. 3 it can be seen that more than one crystalline zeolite phase has been formed. These crystalline phases consist of faujasite (F), sodalite (S) and zeolite A (A). Again, the co-disposal sample was also successfully transformed into faujasite as zeolite crystalline phase. The [SiO 2 ]/[Al 2 O 3 ] ratio was thus a successful precursor in determining whether the chosen samples could be transformed into faujasite as zeolite material.
ARTICLE IN PRESS
In both Figs. 2 and 3 it can be seen that the mineralogical phase mullite (M) is still present in both the zeolites synthesised hydrothermally with the use of a FA sample: NaOH ratio of 1:1.2. Other researchers (Singer and Berkgaut, 1995; Lin and Hsi, 1995; Querol et al., 1997) have shown that when the NaOH concentration is less than 3.5 M, considerable quantities of mullite are still present in the zeolites, due to the fact that mullite is relatively stable under alkaline treatment. However, only when the NaOH concentration is more than 4 M the mullite is indeed digested (Singer and Berkgaut, 1995; Querol et al., 1997) .
Lead absorption results
Two representative AMD sources were used in the whole study, but only navigation AMD was explored in evaluating the absorption capacity of the synthesised zeolites to reduce metal ion species. One of the major aims of the total project studied was to use AMD and FA sources that are close to each other so as to reduce transport costs when industrial-scale studies of laboratory bench experiments were to be launched. This was in line with the objective of reducing cost while exploring the use of FA waste for the synthesis of a valuable product. For navigation AMD it was found that the pH and electrical conductivity (EC) are typical of an AMD source (Burgess and Stuetz, 2002) . The results of the ICP-MS, Hg-vapour and IC analysis of this AMD source, as shown in Table 2 , indicate that high concentrations of sulphate, iron, calcium and aluminium species are present.
Since the pH of the solution plays an important role in the absorption process, the pH of the solution after contact with the synthesised zeolites was monitored with the experiments done at room temperature (21 1C). With the AMD at an initial pH of 2.64 and the synthesised zeolites obtained at alkaline pH, the resulting pH after absorption experiments was found to be in the region of 4.25-4.88.
Before the absorption experiments were carried out, the cation exchange capacity of the synthesised zeolites was determined in a similar method as reported in a previous paper, and the results were reported as the amount of exchangeable Na + cations present in the zeolitic material (Somerset et al., 2005a) . For the current synthesised zeolites, it was found that zeolites synthesised from raw FA had an amount of exchangeable Na + cations of 71.55 meq/100 g, while the value for zeolites synthesised from the co-disposable filtrate was 75.81 meq/100 g. 18,888,620.00
ARTICLE IN PRESS
Although the amount of exchangeable Na + cations is high for both types of zeolites, it was found for this study that zeolites from raw FA had a lower amount of exchangeable Na + cations compared to zeolites from the co-disposable filtrate material. These results are important as they are indicative of the extent to which the synthesised zeolites will be able to exchange some of the lead and mercury ions in the absorption experiments. A possible mechanism whereby the ion-exchange process occurs in the zeolite structure is one where the Pb 2+ (or Hg 2+ ) cations replace the Na + ions as shown below:
This process is controlled by Le Chatelier's principle and is pH and Na + concentration dependent (Woolard et al., 2000) .
The results obtained for the removal of lead ions from the navigation AMD wastewater are displayed in Fig. 4 . The results in Fig. 4 indicate that when the zeolite material synthesised from raw FA, in Pb[A], was added to the AMD, a sudden drop in the lead concentration was observed followed by a relatively gradual decrease as more zeolite material was added to the wastewater. The zeolite material was effective in reducing the lead concentration from 3.23 to 0.38 mg/kg.
Similarly, a sudden initial drop in the lead concentration was observed when zeolite material synthesised from codisposal filtrate, in Pb [B] , was added to the AMD. This was followed by a gradual decrease as the zeolite dosage was increased. The zeolite material synthesised from the codisposal filtrate was effective in reducing the lead concentration from 3.23 to 0.17 mg/kg. The fact that a lower lead concentration was obtained with this zeolite material can be attributed to the fact that more than one zeolite phase was present in the material after synthesis.
The fact that the resulting pH of the solution after interaction of the navigation AMD with the synthesised zeolites was found to be in the region of 4.25-4.88 can be related to the amount of alkaline material present in the synthesised zeolites.
Since the synthesised zeolites contain sodium ions that have been added during synthesis and some calcium from the FA starting material, these alkaline metals consume acid by neutralisation during the absorption experiments. With the final pH above 3.5 a favourable environment is created for the precipitation of Pb 2+ ions in the solution as Pb(OH) 2 at the end of the contact period. Therefore, the increase in Pb 2+ absorption as the zeolite dosage is increased can be attributed to the precipitation of Pb 2+ as Pb(OH) 2 at a pH above 3.5. Similarly, it was shown by Erdem and Ozverdi (2005) that a pH of 3.5 and higher is favourable for the absorption of Pb 2+ using siderite in their absorption studies. In the mercury absorption experiments, the effect of pH was also taken into account. With the pH after absorption experiments in the region of 4.25-4.88, it definitely affected the absorption results for mercury with the use of synthesised zeolites.
Mercury absorption results
It was observed that as the zeolite material synthesised from raw FA, in Hg[A], was added to the AMD, an initial increase in the mercury concentration was observed, followed by a gradual decrease as zeolite dosage was increased. The initial increase can be attributed to mercury ions already present in the wastewater or other possible ion exchange effects not focused on in this study. The wastewater had a final mercury concentration slightly higher at 0.50 mg/kg as when no zeolite material was added to the wastewater. These results indicate that the zeolites synthesised from raw FA were not able to lower the mercury concentration in the absorption experiments, while the use of higher zeolite dosages to observe a lowering effect needs to be further explored in a follow-up study.
ARTICLE IN PRESS
Better results were obtained when the zeolite material synthesised from the co-disposal filtrate, in Hg [B] , was added to the AMD as shown in Fig. 5 . A gradual decrease in the mercury concentrations was observed as the zeolite dosage was increased from 0.5 to 20 g/L. This synthesised zeolite material was effective in reducing the mercury concentrations from 0.47 to 0.17 mg/kg. The results obtained can also be attributed to the fact that more than one zeolite phase was present in this material after synthesis.
Furthermore, Zhang et al. (2005) found that the predominant species of mercury in solution is Hg(OH) 2 at a pH of 4.5, and at a pH between 2 and 6 small amounts of Hg (OH) + are present. These data thus indicate that the pH obtained during the absorption experiments was favourable for mercury precipitation in the batch experiments conducted.
Conclusions
This work has demonstrated that faujasite, sodalite and zeolite A can be prepared from coal combustion FA and co-disposal filtrates by hydrothermal treatment of the starting material with NaOH. A novel approach was followed by using the FA to first neutralise the AMD in a co-disposal reaction, thus treating the AMD, and then using the obtained co-disposal filtrates in synthesising value-added zeolite material from the by-products. Furthermore, the zeolite material synthesised from the co-disposal filtrate material has proved to be effective in reducing the lead and mercury concentrations in navigation AMD wastewater, when increasing dosages of the zeolite material were added to the wastewater.
It was further illustrated that at an average pH of approximately 4.5 at room temperature, excellent conditions exist for the absorption of lead and mercury ions from the navigation AMD using the synthesised zeolites obtained from the co-disposal filtrate sample material. The zeolite material synthesised from the co-disposal filtrate was effective in reducing the lead concentration by 95% from 3.23 to 0.17 mg/kg, while the mercury concentration was reduced by 30% from 0.47 to 0.17 mg/kg.
It is envisaged that this conversion of FA and codisposal filtrates into a beneficial product for further wastewater treatment could prove to be effective in removing heavy metals such as lead and mercury from industrial contaminated effluent waste streams.
